Members of the copper uptake transporter (CTR) family from yeast, plants, and mammals including human are required for cellular uptake of the essential metal copper. Based on biochemical data, CTRs have three transmembrane domains and have been shown to oligomerize in the membrane. Among individual members of the family, there is little amino acid sequence identity, raising questions as to how these proteins adopt a common fold, oligomerize, and participate in copper transport. Using site-directed mutagenesis, tryptophan scanning, genetic complementation, subcellular localization, chemical cross-linking, and the yeast unfolded protein response, we demonstrated that at least half of the third transmembrane domain (TM3) plays a vital role in CTR structure and function. The results of our analysis showed that TM3 contains two functionally distinct faces. One face bears a highly conserved Gly-X-X-X-Gly (GG4) motif, which we showed to be essential for CTR oligomerization. Moreover, we showed that steric constraints reach past the GG4-motif itself including amino acid residues that are not conserved throughout the CTR family. A second face of TM3 contains three amino acid positions that, when mutated to tryptophan, cause predominantly abnormal localization but are still partially functional in growth complementation experiments. These mutations cluster on the face opposite to the GG4-bearing face of TM3 where they may mediate interactions with the remaining two transmembrane domains. Taken together, our data support TM3 as being buried within trimeric CTR where it plays an essential role in CTR assembly.
Copper is essential for life, because the redox and coordination chemistries of copper ions allow them to participate in key processes such as respiration, clearance of free radicals, and mobilization of iron from the diet (1, 2). Yet, an unregulated excess of cellular copper is toxic and represents the causative link for Menkes and Wilson's diseases, two copper transport disorders affecting the liver and nervous system (3) (4) (5) . Moreover, imbalances in copper status have also been proposed to play roles in Alzheimer's disease (6) and prion disorders such as Creutzfeldt-Jakob disease (7, 8) . Essential yet potentially toxic, cellular copper concentrations are tightly regulated by the proteins that transport copper across cellular membranes and copper-specific chaperones that escort the metal ion through the cell for delivery to specific target enzymes (2).
Although the mechanisms of intracellular copper trafficking and copper secretion have been studied in significant detail (reviewed in Ref. 9) , little is known regarding the mechanisms and regulation of primary copper acquisition. Initial copper uptake into cells occurs through the CTR 1 family of integral membrane proteins, which function in copper uptake in organisms as diverse as yeast, plants, and metazoans including mice and humans (9 -12) . A large subset of the CTRs representing a wide range of evolutionary origin including Candida albicans CTR1, Arabidopsis thaliana COPT1, Schizosaccharomyces pombe CTR4/5, fly CTR1, lizard CTR1, mouse CTR1, and human CTR1 complement a respiratory defect in Saccharomyces cerevisiae that lack high affinity copper uptake systems (11) (12) (13) (14) (15) (16) (17) . This ability of numerous CTR proteins to functionally replace endogenous S. cerevisiae Ctr1p and Ctr3p has led to a model in which CTRs themselves act as transporters for copper ions across the plasma membrane.
Recent work (18, 19) showed that, in addition to copper, both the yeast and human CTR1 proteins also mediate the uptake of the anticancer agent, cis-platinum(II)diammine dichloride (cisplatin), into yeast and mammalian cells. This finding creates a puzzle, because the cisplatin molecule and copper ions are structurally unrelated and, hence, the mechanism of transport is probably different for the two substrates. Unfortunately, the structure-function relationships remain poorly understood within the CTR family of membrane proteins. However, based on their amino acid sequences, CTR proteins lack nucleotidebinding domains and are predicted to have three transmembrane ␣-helices. Initial biochemical characterization of CTR proteins showed that they form oligomers in the membrane (10, 14, 20) , that the N termini are located in the extracellular space (21) (22) (23) , and that most of the potential metal binding motifs in the N-terminal domains of CTR-proteins are not strictly required for transport function (22) . Yet, the role of the membrane-spanning domains in copper transport is largely unknown and their study is hampered by the fact that sequence identities between CTR proteins from different evolutionary branches are low. In fact, only two sequence motifs, Met-X-X-X-Met and Gly-X-X-X-Gly (GG4) in the second and third transmembrane domains (TM2 and TM3), respectively, are invariantly conserved within the membrane embedded domain of all of the CTRs. Recent studies revealed that the Met-X-X-X-Met in TM2 plays a vital role in the chemistry of copper sensing and uptake (22, 24) , but the role of the GG4 motif in TM3 has not previously been investigated.
The GG4 motif is statistically overabundant in the transmembrane regions of both single-span and multi-span integral membrane proteins (25) . Russ and Engelman (34) have shown that the GG4 motif plays a vital role in stabilizing transmembrane helix-helix interactions and the resulting dimerization of the single transmembrane protein glycophorin A. Similarly, a GG4 motif is involved in helix packing at the interface between subunits in the mechanosensitive channels MscS from Escherichia coli and MscL from Mycobacterium tuberculosis (26, 27 ). Yet, GG4 motifs do not exclusively mediate membrane protein oligomerization as shown by the crystal structure of the tetrameric E. coli GlpF, a member of the multi-membranespanning glycero-aquaporin family where GG4-mediated helix-helix interactions stabilize the fold of a monomer (28, 29) . The presence of an invariantly conserved GG4 motif in TM3 of all of the known members of the CTR family suggests an important role of TM3 in the structure-function of CTR transporters. In this work, we demonstrated that the GG4 motif is essential for the formation of fully functional copper uptake proteins in the case of two distantly related members of the CTR family, human CTR1 and yeast CTR3. Our results identified two faces of TM3 that point to a central role of this transmembrane helix for the structural organization of CTR proteins.
EXPERIMENTAL PROCEDURES
Expression Constructs and Yeast Transformation-The ⌬ctr1,3 yeast strain (MATa ura3 lys2 ade2 trp1 his3 leu2 ⌬ctr1::LEU2), also containing a transposon interfering with Ctr3p expression, and the yeast expression plasmid, pDB20-hCTR1-URA3, were obtained from Dr. Jane Gitschier. The pDB20 multiple cloning site was modified by excision of the insert with HindIII and ligation of two overlapping oligonucleotides containing NheI and MluI restriction sites into the HindIII-linearized vector. To allow immunodetection of human CTR1 (hCTR1), the hemagglutinin (HA) tag (MEYPYDVPDYA) was inserted at the N terminus using an oligonucleotide that encodes the HA epitope and anneals to 18 nucleotides of the hCTR1 open reading frame after the first methionine. A reverse oligonucleotide was synthesized that anneals to 21 nucleotides up to and including the stop codon of hCTR1. The forward and reverse oligonucleotides contained NheI and MluI sites, respectively, and were used to perform high fidelity PCR on the original pDB20-hCTR1 plasmid. PCR products were gel-purified, digested with NheI and MluI, and ligated into the modified pDB20 vector. All of the experiments of human CTR1 and mutants in this investigation were performed using the N-terminally tagged HA-hCTR1 construct. The pRS316-yCTR3-GFP-URA3 plasmid, obtained from Dr. Dennis Thiele, was used as a template to produce mutants for complementation and fluorescence localization. This plasmid was also used for subcloning the insert into the p423GPD vector to produce mutants for tryptophanscanning experiments. The position of the third transmembrane domain was identified using standard hydropathy analysis to generate mutants for tryptophan-scanning experiments. Plasmid mutagenesis was performed using the QuikChange site-directed mutagenesis kit (Stratagene) according to the manufacturer's instructions, and all of the constructs used in this study were verified by nucleotide sequencing. Yeast were transformed using lithium acetate, and plasmids were selected for uracil complementation by plating on minimal dextrose (MD) plates containing dextrose (2%), adenine, histidine, lysine, and tryptophan (all 20 mg/liter) but lacking uracil.
Functional Complementation-The ⌬ctr1,3 yeast strain transformed with plasmids expressing HA-hCTR1, HA-hCTR1
G167L
, HAhCTR1
G171L
, yCTR3-GFP, yCTR3 G202L -GFP, or yCTR3
G206L
-GFP were grown in MD medium lacking uracil to an A 600 ϭ 1.2-1.5. Assays were set up essentially as described (11, 12) . Yeast were washed once with sterile distilled water and adjusted to an A 600 of 1.0 in water. Five serial dilutions (1:10 in succession) were spotted onto YPG (yeast peptone glycerol) plates containing glycerol as the only carbon source (1% (w/v) yeast extract, 2% (w/v) bactopeptone, 3% (v/v) glycerol) supplemented with 80 M bathocuproinedisulfonic acid (BCS; Sigma) for copper depletion, 50 M copper sulfate for copper excess, or a third condition having no chelator or additional metal to achieve trace copper levels. Plates containing excess copper (50 M) were incubated at 30°C for 3-5 days. Copper-depleted plates were incubated at 30°C for at least 10 days. Plates were illuminated on a fluorescent light box, and images were taken using digital photography. Human CTR1 and GG4 mutants expressed from both pDB20 and p423GPD (for the unfolded protein response) plasmids were verified by functional complementation and yielded identical results (data not shown).
Fluorescence Microscopy-Wild type yCTR3-GFP fusion protein, yCTR3 G202L -GFP, yCTR3 G206L -GFP, or TM3 tryptophan-scanning mutants expressed from either pRS316 or p423GPD vectors were grown in minimal dextrose medium. Wild type yCTR3-GFP, yCTR3 G202L -GFP, and yCTR3 G206L -GFP cultures were incubated in 1 g/ml 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma) for 5 min before visualization on a Nikon TE2000 fluorescence microscope using epi-illumination. GFP and DAPI images were captured with a Hamamatsu ORCA-ER CCD camera and then colorized and merged with Adobe Photoshop. Tryptophan scanning was performed with wild type yCTR3-GFP fusion and mutants all expressed from the p423GPD vector.
Cross-linking Analysis-Yeast expressing HA-tagged wild type hCTR1 and HA-hCTR1 G167L mutants from ⌬ctr1,3 yeast strain were grown in MD medium to an A 600 of 1.0 -1.2. Crude membranes were prepared from yeast using glass bead lysis or a Z Plus Series cell disrupter (Constant Systems, Ltd). Membranes were first deglycosylated with PNGase F (New England Biolabs) for HA-hCTR1 for 1 h at 37°C before solubilization with either 1% Triton X-100 or 1 mM dodecyl-␤-D-maltoside in phosphate-buffered saline, pH 7.4. Insoluble material was removed by centrifugation at 200,000 ϫ g for 15 min using a TLA-120 rotor and a Beckman tabletop ultracentrifuge. To partially purify the HA-hCTR1 G167L mutant, dodecyl-␤-D-maltoside-solubilized material was bound to nickel-nitrilotriacetic acid resin, eluted with 60 mM imidazole, and concentrated using Centricon® YM-100 centrifugal filter devices (Millipore). The homobifunctional cross-linkers, ethylene glycol succinimidylsuccinimate and dithiobis succinimidylpropionate (both from Sigma), were added to detergent-solubilized protein at a final concentration of 0.25-3 mM and incubated at room temperature for 30 min. Reactions were halted by the addition of a primary amine (50 mM Tris, pH 8.0) and incubated for an additional 15 min. Western blotting was performed using mouse monoclonal antiserum anti-HA antibody (Covance Research Products, Inc.), which recognizes the HA tag inserted at the N terminus of human CTR1.
Degradation Assay-⌬ctr1,3 yeast strain transformed with pDB20 HA-tagged hCTR1 wild type, HA-hCTR1
G167L
, and HA-hCTR1 G171L mutants were grown to A 600 ϭ 1.0. Cycloheximide (100 g/ml final) dissolved in Me 2 SO was added to halt protein synthesis, and 1-ml samples were removed from the culture at 0, 1, and 3 h. Total protein was extracted essentially as described (30) . Samples were spun in a tabletop centrifuge, and the resulting cell pellet was washed once with distilled water. To disrupt the membranes, cells were resuspended in 2 M NaOH, 1.12 M ␤-mercaptoethanol and incubated for 15 min on ice with occasional vortexing. To precipitate protein, 75 l of 100% trichloroacetic acid was added and incubated for an additional 20 min on ice. Samples were spun at 16,000 ϫ g in a tabletop centrifuge for 5 min, and the resulting pellet was resuspended in SDS-PAGE sample-loading buffer containing 2 mM dithiothreitol for Western blotting.
Yeast-unfolded Protein Response Assay-The pSZ1 plasmid containing the 22-base pair unfolded protein response element (UPRE) upstream of the coding segment for ␤-galactosidase was provided by Dr. Mark Hochstrasser. pSZ1 was transformed into S. cerevisiae ⌬ctr1,3 yeast strain using selection on minimal dextrose plates lacking uracil. A single clone was used for all of the subsequent transformations of the p423GPD expression vector containing HA-tagged wild type and mutant human CTR1 on MD plates lacking histidine and uracil. Random clones (n ϭ 3) of each construct were selected and grown in minimal dextrose to a mid-log growth phase. Secondary cultures for each mutant were grown from equivalent amounts of cells inoculated from the primary culture and subjected to the UPR assay when A 600 Յ 0.6. The UPR assay was performed as previously described for bacteria (31, 32) , including the formula for calculating ␤-galactosidase activity: ␤-galactosidase units ϭ 1000 ϫ A 420 Ϫ (1.75 ϫ A 550 )/[time of reaction (min) ϫ volume (0.1 ml) ϫ A 600 ]. Fig. 1A depicts the human high affinity copper uptake transporter with its extracellular N terminus, three transmembrane domains, and intracellular C terminus. Within TM3, all of the members of the family have a conserved GG4 motif (Fig. 1B) . Because this sequence motif is intimately involved in stabilizing helix-helix interactions in other membrane proteins (33) (34) (35) , we reasoned that the GG4 motif plays a crucial role in the structure and, consequently, the function of the CTR copper uptake transporters. To test this hypothesis, we first disrupted the GG4 motif of tagged hCTR1 and yCTR3 by individually replacing each glycine (hCTR1, Gly 167 and Gly
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171
; yCTR3, Gly 202 and Gly
206
) with leucine and then determined whether the mutant proteins were still able to rescue a growth defect of a yeast strain incapable of high affinity copper uptake (⌬ctr1,3). Fig. 2 demonstrates that the tagged wild type proteins HA-hCTR1 and yCTR3-GFP were able to support the growth of the ⌬ctr1,3 strain, even under copper-depleted conditions using the copper chelator BCS. In contrast, the HA-hCTR1 G167L and yCTR3
G202L
-GFP mutants in which the first glycine in the GG4 motif had been replaced by leucine were not able to complement the growth defect (Fig. 2,  panels A and D, respectively) . Interestingly, the replacement of the second glycine residue affected the function of the human and yeast proteins in different ways. The yCTR3 G206L -GFP mutant was completely non-functional by complementation, whereas a partially functional phenotype was observed in the case for the corresponding HA-hCTR1 G171L mutant. The latter mutant grew on trace amounts of copper (neither excess copper nor chelator added, Fig. 2, panel B) but exhibited very poor growth in the presence of BCS. The apparent differences in growth were not attributed to a lack of protein expression, because Western blot analysis and fluorescence microscopy confirmed that each clone expressed its respective CTR mutant (Figs. 3 and 5A) . Moreover, the fact that all of the yeast clones grew well in the presence of excessive copper indicated that none of the CTR constructs tested was toxic to the cell (Fig. 2, panels C and F) and that growth of the ⌬ctr1,3 strain on trace amounts of copper or in the presence of BCS was solely dependent on the expression of functional copper transporter at the plasma membrane.
The GG4 Motif Is Required for CTR Processing and Oligomerization-Because mutation of the first position of the GG4 motif completely blocked growth complementation for both hCTR1 and yCTR3 but did not interfere with their expression, we reasoned that these mutations result in a bona fide structural defect that prevents the proteins from functioning in copper uptake. To test this hypothesis, we exploited that yCTR3-GFP is functional in high affinity copper uptake in yeast (20) . This fusion protein was used to determine the localization of both the unmutated copper transporter and G202L and G206L mutants in living yeast cells. Fig. 3 demonstrates that yCTR3-GFP (panel A) but not yCTR3 G202L -GFP or yCTR3 G206L -GFP (panels B and C, respectively) was localized to the plasma membrane in the ⌬ctr1,3 yeast strain. The yCTR3 G202L -GFP and yCTR3 G206L -GFP exhibited mislocalization to an intracellular compartment likely to be the endoplasmic reticulum based on the characteristic staining of both a perinuclear ring, revealed by DNA staining with DAPI, as well as a ring at the periphery of the cell. Thus, the failure of yCTR3 G202L and yCTR3 G206L -GFP to complement growth of a yeast strain deficient in high affinity copper uptake was attributed to a sorting/trafficking defect of these yCTR3 mutants.
Both hCTR1 and yCTR3 have been shown to exist as trimers in the phospholipid membrane (20, 36) . Therefore, mislocalization of mutant CTR proteins having a mutated GG4 motif suggested a structural defect that might interfere with proper oligomerization. We tested the hypothesis that hCTR1 G167L would not be able to obtain its native trimeric state using the homobifunctional cross-linker, ethylene glycol succinimidylsuccinimate, which has been successfully used to demonstrate a trimeric state for both yCTR3 and hCTR1 (20, 36) . Fig. 4 indicates that HA-tagged wild type (panel A) but not HAhCTR1 G167L (panel B) can be efficiently cross-linked to the FIG. 1. Topology of human CTR1 and highly conserved Gly-X-X-X-Gly motif. A, diagram of a human CTR1 monomer shows the extracellular N terminus, three putative transmembrane domains, and an intracellular C terminus. Amino acid positions represented as black circles are invariantly conserved in CTRs from yeast, plants, and metazoans, and those in gray are Ͼ90% identical in the family. Two conserved amino acid motifs in the entire family of CTR copper uptake proteins, Met-X-X-X-Met in TM2 and Gly-X-X-X-Gly (GG4) motif in TM3, are indicated. B, multiple amino acid sequence alignment of the third TM domain reveals a nearly invariant conservation of the GG4 motif in all of the known members of the CTR copper uptake family.
FIG. 2. Effect of GG4 mutations on human CTR1 and yeast CTR3 function.
Yeast deficient in high affinity copper uptake (⌬ctr1,3) were transformed with vector only, HA-tagged wild type human CTR1 (wt), and GG4 mutants HA-hCTR1 G167L (G167L) and HA-hCTR1 G171L (G171L), wild type yeast CTR3-GFP fusion wt, and the corresponding yeast CTR3 GG4 mutants G202L and G206L. Yeast transformants were grown in minimal dextrose medium before two washes with double distilled water. All of the cultures were then adjusted to A 600 ϭ 1.0 and plated in serial 1:10 dilutions on plates containing glycerol as the sole non-fermentable carbon source. A, copper depletion for HA-hCTR1 was acheived with 80 M copper chelator BCS. B, neither copper nor BCS was added to the plates. C, excess copper (50 M). D, E, and F, same as A, B, and C, respectively, but with yCTR3-GFP.
native trimeric state in detergent-solubilized yeast crude membrane preparations. In all of the cross-linking experiments, the band corresponding to the G167L monomer always gradually disappeared when exposed to increasing concentrations of cross-linker and the bands for the defined oligomeric species were never observed. Experiments performed with partially purified HA-hCTR1 G167L using the slightly lower molecular weight cross-linker dithiobis succinimidylpropionate revealed the formation of a very high molecular weight product that failed to migrate into the gel (Fig. 4, panel C) . Moreover, the gel filtration of an N-linked glycosylation-deficient double mutant HA-hCTR1 N15Q-G167L resulted in a mixture of multiple molecular species that eluted from the column across the entire elution profile (data not shown). Together, these results suggested that the high molecular weight cross-linking product of the G167L mutant reflected an inability of properly folded monomers to form a defined oligomer. Therefore, we concluded that the introduction of the larger side chain of leucine into the first position of the GG4 motif (Gly 167 ) of TM3 of hCTR1 disrupts the formation of functional oligomers.
Misassembled hCTR1 G167L Initiates the Unfolded Protein Response-Western blot analysis revealed a striking difference in the biochemical processing of HA-hCTR1 G167L when compared with either HA-wild type or HA-hCTR1 G171L mutant. As was seen in Fig. 4A , the larger molecular mass smear due to fully N-glycosylated HA-tagged wild type hCTR1 could be reduced to a single approximate 23-kDa band when treated with the deglycosylating enzyme PNGase F. Fig. 5 , panel A, demonstrates that both HA-wild type and HA-hCTR1 G171L mutant were fully N-glycosylated but that HA-hCTR1 G167L , which was completely non-functional in the complementation assay, fails to undergo complex glycosylation. This failure to undergo Golgidependent complex glycosylation was not due to a less efficient processing in the ER, because full glycosylation was never G167L mutant (B) were solubilized with Triton X-100 detergent and subjected to chemical cross-linking. Solubilized material was incubated in increasing concentrations of the ethylene glycol succinimidylsuccinimate (EGS) cross-linker before being subjected to Western blot using an anti-HA primary antibody. HA-tagged wild-type human CTR1 required removal of N-linked glycosylation by treatment with PNGase F prior to exposure to EGS to clearly resolve oligomeric states. Partially purified HAhCTR1 G167L was concentrated before exposure to increasing concentrations of the slightly lower molecular weight cross linker dithiobis succinimidylpropionate (DSP) (panel C). Filled ovals displayed to the right of the images indicate the expected migration positions for monomer, dimer, and trimer species of hCTR1.
FIG. 5. Processing of GG4 mutants and induction of the unfolded protein response.
A, yeast cultures expressing the indicated constructs were grown to mid-log phase before protein synthesis was halted with cycloheximide. Samples were removed from the culture at the indicated time points, and total protein extracts were subjected to Western blot using an anti-HA primary antibody. Note that a nearly overexposed blot demonstrates the lack of any higher order glycosylation for the G167L mutant compared with wild type and G171L. The doublet of bands observed for the G167L mutant corresponds to unglycosylated and core-glycosylated species, respectively. Recall in Fig. 4 that complex glycosylation (seen as high molecular mass smearing) as well as core glycosylation (as a distinct band that migrated at ϳ28 kDa), could be reduced to a single band (ϳ23 kDa) upon exposure to PNGase F. B, yeast transformed with both pSZ1-UPRE-LacZ and an expression plasmid carrying either wild type G167L or G171L were subjected to ␤-galactosidase assay to determine the extent of induction of the unfolded protein response (n ϭ 3-4 randomly selected colonies/condition).
observed for HA-hCTR1 G167L , even when samples were analyzed up to 3 h after halting de novo protein synthesis. This behavior is in agreement with the intracellular retention observed independently for the corresponding yCTR3 G202L -GFP mutant (Fig. 3) and suggested that the HA-hCTR1 G167L and yCTR3 G202L -GFP mutants both were misfolded/misassembled in vivo, causing them to fail quality control mechanisms of the cell, presumably in the ER.
The conclusion that mutations in the GG4 motif blocked an ER-dependent processing step in the maturation of CTR proteins was furthermore supported by the finding that only the fully non-functional mutants invoked the yeast UPR. The UPRassay uses the 22-bp UPRE nucleotide sequence fused to ␤-galactosidase reporter on plasmid DNA (37, 38) . We co-transformed the ⌬ctr1,3 yeast strain with this plasmid and either hCTR1 wild type, G167L, or G171L mutant and then quantified ␤-galactosidase activity to measure the UPR. Neither the wild type nor G171L mutant of hCTR1 triggered the UPR; however, the G167L mutant initiated nearly a 10-fold induction of the UPR over wild type (Fig. 5, panel B) . Similarly, the non-functional GG4-mutants of the yCTR3 (G202L and G206L) both triggered the UPR (data not shown). Thus, the expression of misfolded/misassembled GG4 mutant proteins caused stress to the endoplasmic reticulum sufficient to activate the UPR machinery of the yeast cell. From these results, we concluded that Gly 167 of hCTR1 and Gly 202 /Gly 206 of yCTR3 were critical for assembly of functional trimers and maturation of CTR proteins in the ER.
Tryptophan Scanning of TM3 Reveals Two Non-overlapping Helix Faces with Different Roles in CTR Structure-
The finding that the GG4 motif contributes to CTR oligomerization raised the question whether additional residues on TM3 were also required for CTR function. To address this question, we subjected approximately two-thirds of TM3 of yCTR3-GFP to tryptophan-scanning mutagenesis. The bulky size of the tryptophan side chain provides a convenient tool to assess whether a particular position along a transmembrane helix is sterically constrained. Fig. 6 shows the results obtained by scanning TM3 of yCTR3-GFP from residues 196 to 208. Six different positions, when mutated to tryptophan, exhibited plasma membrane localization that was identical to wild type (L200W, I201W, A203W, I204W, V205W, and F208W) and were functional in the complementation assay (data not shown). Seven positions (I196W, I197W, S198W, C199W, G202W, G206W, and R207W) had an intracellular localization similar to the GG4 mutant G202L that was trapped in the perinuclear endoplasmic reticulum. Four of these mutants failed to complement yeast growth under copper-limiting conditions. However, three mutants (I196W, I197W, and R207W) partially rescued copper uptake in the ⌬ctr1,3 strain (data not shown) despite being mostly mislocalized. To interpret both the tryptophan-scanning mutagenesis and complementation results, a helical wheel diagram summarizing both sets of data was generated (Fig. 7) . All three positions where introduction of tryptophan interfered with efficient processing in the ER but did not completely abolish function based on complementation were located on one face of TM3. Similarly, the four positions where introduction of tryptophan resulted in a non-functional phenotype (neither supporting growth complementation nor permitting localization to the plasma membrane) also clustered on a single but opposite face of TM3. DISCUSSION CTR proteins seemingly defy the paradigm in which constraints on protein structure and/or function result in sequence conservation. Specifically, over its length of 190 residues, hCTR1 shares only 14 residues with Ͼ80% other CTR proteins.
Of these residues, eight are distributed over the ϳ63 amino acids that make up the three predicted TMs. Thus, even within their most conserved region, sequence conservation is low and, in some cases, falls below the 25% sequence identity cutoff for which two protein structures would be expected to adopt the same overall fold (39 -41) . How can a conservation of function and oligomerization be reconciled with such low homology at the amino acid sequence level? In part, this question is answered by the specific structure of CTR proteins because in the context of a trimer formed of subunits that themselves are three-helix bundles, a significant number of residues within the membrane-spanning domains are expected to be exposed to phospholipid. Thus, other than being hydrophobic, these lipidexposed residues need not be strictly conserved to support the formation of functional CTR proteins. However, the fact that oligomerization of CTR proteins is required for function imposes constraints on the structure because oligomerization relies on a defined packing interface between subunits. Notably, two of the few highly conserved residues within CTR proteins form a GG4 motif, a motif that has recently emerged as an important feature of helix-helix interactions in integral membrane proteins (34, 35, 42, 43) .
The GG4 motif is overabundant in the amino acid sequences of the membrane-spanning domains of integral membrane proteins (25) and has been shown to mediate homo-oligomerization of the erythrocyte single pass membrane protein glycophorin A (GpA, Protein Data Bank code 1AFO) (33) as well as the polytopic bacterial mechanosensitive channel MscS (Protein Data Bank code 1MXM) (26) and yeast ␣-factor G-protein coupled receptor Ste2p (43) . Moreover, in the mechanosensitive channel MscL, a derivative of the GG4 motif, AVXXG, is at the heart of subunit-subunit contacts that allow the five inner helices of MscL to pack closely enough for the valine to close off the pore in the closed state of the channel (Protein Data Bank code 1MSL) (27) . However, the contributions of the GG4 motif to membrane protein folding and oligomerization are multi-faceted. This is evident from the high resolution crystal structures of the polytopic bacterial glycerol facilitator, GlpF (Protein Data Bank code 1FX8) (28) , and the sarcoplasmic reticulum Ca 2ϩ pump (Protein Data Bank code 1SU4) (44) . In both cases, the GG4 motif is not involved in monomer-monomer contacts to drive oligomerization but instead stabilizes the protein fold within monomers, which then assemble into tetramers (for GlpF) and dimers (for Ca 2ϩ pump) through interfaces that do not contain GG4 motifs. The presence of such a motif in the third transmembrane domain of the CTR family strongly suggested an important role in structural stability for this family of copper uptake proteins. However, because of its dual-natured role in individual examples in molecular biology, it was not predictable how the GG4 motif contributes to structure and function in the CTR family of membrane proteins.
To clarify the role of the GG4 motif in the CTR family of membrane proteins, we carried out a mutational analysis of the GG4 motif in two distantly related CTR proteins, hCTR1 and yCTR3 (Ͻ20% sequence identity overall, ϳ30% sequence identity in the membrane-embedded region), and investigated the importance of non-conserved residues in TM3 of yCTR3 for function. Our main findings were as follows. Firstly, the GG4 motif is essential for the formation of fully functional trimers yet displays some plasticity since hCTR1 but not yCTR3 tolerated a leucine substitution in the second position of the GG4 motif. Secondly, steric constraints extend beyond the GG4 motif itself, including amino acids Ser 198 and Cys 199 of yCTR3 (Fig. 7 ) that are not conserved among different CTR proteins. The existence of these additional steric constraints along the same helix face suggested that the contribution of the GG4 motif to CTR oligomerization or folding was subject to long range fine-tuning, as has been observed in other cases (45) , and may explain why CTR4 and CTR5 from the yeast S. pombe cannot form functional trimers independently of each other (14) . In the S. pombe CTR4, the residues corresponding to the essential positions of yCTR3
Ser-188 and yCTR3 are Phe 236 and Leu 237 . The large size of these side chains may be detrimental to formation of a homo-trimer and may be intrinsically rescued by forming a hetero-oligomer with S. pombe CTR5 in which the equivalent residues are Phe 143 and Gly 144 . Thirdly, TM3 is involved in contacts with at least two other ␣-helices in the final structure of CTRs, because tryptophan scanning revealed a second helical face containing mutants that were partially functional yet displayed various degrees of trafficking defects (Fig. 6 ). These mutants (I196W, I197W, and R207W) cluster on the face of TM3 that is opposite to the GG4-bearing face (Fig. 7) . The clear spatial segregation among mutants that completely abolished function and those that did not suggests that the two faces of TM3 serve different roles in the formation of functional CTR proteins. Of the two faces, the GG4-containing face of TM3 clearly serves a more important role for the assembly of mature CTR and it is tempting to hypothesize that this face is involved in intersubunit contacts in the final structure of the copper transporter.
